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Mesoscopic fluctuations are observed for the critical current in a superconductor —normal-conductor—
superconductor junction using the inversion layer of p-type InAs as the normal conductor. As a function
of the gate voltage (i.e., the Fermi energy) the critical current and the conductance exhibit mesoscopic
fluctuations in both the weak and the strong localization regimes. The magnitude and the typical period
of the fluctuations are discussed and compared to theoretical predictions.
PACS numbers: 74.40.+k, 74.50.+r, 74.60.Jg
For several years there has been a growing interest in the
way the mesoscopic phenomena may appear in the quan-
tum transport of superconducting structures coupled with
mesoscopic-scale normal metals or semiconductors [1]. In
the ballistic regime of the normal conductor a supercon-
ducting quantum point contact (SQPC) was proposed [2,3].
In the dirty regime of the normal conductor Al'tshuler and
Spivak have calculated the mesoscopic fluctuations of the
critical current I, in a superconductor —normal-conductor—
superconductor (S-N-S) junction [4]. According to their
theory, the I, fluctuations are due to quantum interference
effects. Beenakker has studied an S-N-S junction shorter
than the coherence length and showed that the magni-
tude of the I, fluctuation AI, becomes universal [5]. Here
AI, —= rmsI, = Q(I, ) —(I,) . So far, none of these pre-
dictions have been confirmed experimentally.
There are two methods for observing mesoscopic fIuctu-
ations of the critical current as well as of the conductance
G~. There are measurements of I, and G~ as a function of
either a magnetic field or the Fermi energy EF. The former
method is difficult to use because of the well-known field
sensitivity of the Josephson currents in a spatially extended
S-N-S junction. The latter method is very effective for
measurements of the I, fluctuations provided that the car-
rier concentration of the normal conductor can be changed.
A gated semiconductor-coupled Josephson junction is par-
ticularly suited for this purpose. In this Letter, we report
on the experimental confirmation of the existence of meso-
scopic I, fluctuations by means of a p-type InAs coupled
Josephson junction [6], and we compare the experimental
results with theoretical predictions.
Figure 1 shows a schematic view of the sample ge-
ometry. Two superconducting Nb electrodes are coupled
through the surface inversion layer on a p-type InAs sub-
strate. Niobium was deposited at an angle up to a thick-
ness of about 100 nm, and the Nb film on the channel was
removed by lift-off technique. The junction has a metal-
insulator-semiconductor gate. The gate insulator consists
of a 70 nm thick anodic oxide film of InAs and a film of
100 nm of electron-beam deposited SiO. The gate struc-
te (A
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FIG. 1. A schematic cross sectional view of the Nb-2DEG-Nb
junction geometry. The supercurrent flows through the two-
dimension'al electron gas (2DEG) formed in the inversion layer
of the p-type InAs substrate. The conductance and the critical
supercurrent are changed by the gate voltage.
ture could reproducibly withstand a gate voltage Vg of up
to —20 V applied between the gate and one of the Nb
electrodes. This gate configuration made it possible to
vary the carrier concentration W, (i.e., EF) and mobility
p, of the inversion layer by the gate voltage over 1 order
of magnitude, and this resulted in a change of the critical
current I, and the normal resistance R& of the junction
over 3 orders of magnitude.
For the sample used in this study, the separation
between the two Nb electrodes L was between 0.3 and
1 p, m. In this range of L a supercurrent Rows through
the two-dimensional electron gas (2DEG) formed in
the inversion layer and the junctions show dc and ac
Josephson junction characteristics up to about 6 K [6].
In order to confirm the existence of mesoscopic I,. fluc-
tuations we studied the reproducibility, i.e., the sample spe-
cific I, fingerprints. Figure 2 shows measured I,. for a
sample with L = 0.4 p, m as a function of the gate voltage
at T —20 mK. The second series of measurements were
made just after the first. During both series of measure-
ments I, was optimized by a small magnetic field (—0.1 G)
applied perpendicular to the 2DEG. Over the range of
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FIG. 2. The critical current measured as a function of the gate
voltage. The second series of measurements were carried out
just after the first one. The coincidence between the two data
sets shows the reproducibility of the measurement of the critical
current fluctuations with the gate voltage.
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FIG. 3. All I Vcurv-es measured for (a) V„= —15.9 to
16.4 V and T —20 mK (regime l), and (b) V„= —19.0 to
20.0 V and T —20 mK (regime 2). The I Vcurve -is plotted
every 10 mV gate voltage from right to left.
the Fermi energy. It is shown later that the physical origin
of the measured G„ fluctuations is the same as that of
universal conductance Iluctuations (UCF). The behavior
of the I, curve tracks almost that of G, . These indicate
that the fIuctuations of I, have the same physical origin as
that of UCF. From the data we find that the magnitude of
I, fIuctuations AI, is about 15 nA and the typical period
V„ in Vg is about 80 mV.
Next, typical experimental results for regime 2 are
shown. In regime 2, I, was determined with an accuracy
of about 0.3 nA. G„ is given as G„= I/R„where R,
is the differential resistance for a bias current of 40 nA.
Using the data shown in Fig. 3(b), I, and G„as a. func-
tion of V were obtained as shown in Fig. 5(a). In this
case, the behavior of the I, fluctuations very precise y1
follows that of the G„ fluctuations. It could be thought
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FIG. 4. The critical current I,. and the conductance G„as a
function of V,, in regime l. The behavior of I,. tracks that
of G„.
Vg shown in Fig. 2, the magnitude of the applied mag-
netic field which maximized I, was constant. As shown,
in both measurements I, fIuctuations were observed and
the second measurement series showed satisfactory agree-
ment with the first one. This proves that these I, variations
are not time-dependent noise but time-independent repro-
ducible fluctuations within the sample.
Over a wide range of Vg from —15 to —20 V, we
measured I, for another sample with L = 0.4 p, m at 20 mK
very precisely. I, showed fIuctuations in a11 gate-voltage
regimes. For this sample two typical regimes of Vg were
selected to present our measurement of the mesoscopic
fIuctuations of I, vs Vg. One is the range from —15.9 to
—16.4 V (regime 1) and the other is from —19 to —20 V
(regime 2). The selected gate-voltage regime is rather
narrow, since almost constant R~ in the regime makes
it possible to compare the experimental results with the
theoretical predictions.
Figures 3(a) and 3(b) show current-voltage (IV)-
curves measured at intervals of 10 mV in regimes 1 and
2, respectively. I, was carefully optimized by applying
a small magnetic field. In the range of Vg from —15 to
—20 V, the magnitude of the magnetic field which maxi-
mized I, changed gradually. However, over a narrow
range of V like regimes 1 and 2 it was constant.g
In regime 1, I, was determined with an accuracy of about
3 nA from the I Vcurve [see Fig-. 3(a)]. At the same
time the normal conductance G„was also obtained from
this curve, since it is difficult to measure I, and R~ very
accurately at the same time. G, is defined here as G„=
1/R„, where R„ is the differential resistance measured for a
bias current of 0.8 p, A. R„ is not the same as R~, however,
R„ is proportional to Rz. G„may be used to observe the
normal conductance fluctuations. I, and G„as a function
of V are shown in Fig. 4. As is clearly seen, both G„andg
I, show fIuctuations as a function of Vg, i.e., with varying
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FIG. 5. (a) The critical current I, and the conductance G„as a
function of Vg in regime 2. The behavior of I, tracks precisely
that of G„. (b) G„as a function of the magnetic field B for
Ug = —19.9 V.
that the G„fluctuations were due to the fluctuations in I, ,
i.e., that the slope of the I-V curve would change with a
change in I, . In order to clarify this possible dependence
we induced at Vg = —19.9 V a 10% reduction in I, by
changing the applied magnetic field very slightly. The re-
sulting change in G„was an increase of 0.06%. From
such observations we may infer that G„fluctuates inde-
pendently of I, .
To study the G„ fluctuations more closely, we measured
G„as a function of the magnetic field B for T —20 mK
and Vg = 199 V. The definition of G„was the same
as above. The result is shown in Fig. 5(b): The G„(B)
fluctuations have a magnitude of (1—1.5)e2/h and a typical
period of 0.2 G. We note that the magnitude of the G„(B)
fluctuations is similar to the G„(Vg) Iluctuations shown in
Fig. 5(a). Because of Ilux focusing by the diamagnetic
Nb thin film electrodes, the magnetic field in the 2DEG
is enhanced over the applied field by a factor of up toF,„=(2W/L) [7]. The geometry used F,„=54.
From the result shown in Figs. 5(a) and 5(b) we may infer
that the G„ fluctuations as a function of the gate voltage
and of the magnetic field both have the same origin as
UCF. As will be discussed later, regime 2 belongs to the
strongly localized regime. The good agreement between
the I, and the G„Auctuations clearly demonstrates that the
I, fluctuations have the same origin as UCF in the strong
localization regime. From measurements in this regime
we obtained typically AI, . of 2—4 nA and V„of about
100 mV.
In the following sections we wi11 discuss the experi-
mental data in relation to the theories by Al'tshuler and
Spivak [4] and by Beenakker [5,10]. The system may be
characterized by the following parameters: the coherence
length g, the mean free path l, the correlation energy E, ,
and the randomness parameter A = fi/2vrEFr = 1/kFl,
where 7. is the elastic scattering time and EF and kF are
the Fermi energy and momentum, respectively. These
parameters are calculated as follows: (1) The key trans-
port parameter for the 2DEG, the diffusion constant D,
is found from R~ using the relations D = em*/~fr N, p,
and N, p, = L/e WR~, here m' is the effective mass,
the carrier concentration, and p, the mobility of
the 2DEG. W is the junction width. For the junc-
tion considered W = 80 p, m and m* = 0.024m„(m, is
the free electron mass). By using Rz values at 4 K
where the localization effect may be neglected we find
for the two regimes: regime 1, D = 2. 1 X 10 3 m2/s
(R~ = 150 II), and regime 2, D = 6.2 & 10 m /s
(RA = 500 II). (2) In the dirty limit g = (gol)'l,
where $o = A, pF/orb, q (vF is the Fermi velocity of the
2DEG). In terms of D, g = (2fiD/mAo)'l2. (3) l is
found from N, and p, : l, = fip(27rN, )' .2/e. From the
N, p, product and Yamaguchi's data for N, . (p, ) at 4.2 K
[9], N, and p, are roughly evaluated, and I at T —4 K
found for both regimes. (4) E, =fivr D/L. is also ob-
tained from D [8]. (5) Finally, also from D, we find A =
li/2vrDm* (A is the expansion parameter in the weakly
localized regime). For the two regimes the values of
these parameters are shown in Table I. Except for k~T
the values are for T —4 K. They do not show any strong
temperature dependence down to T —20 mK.
From Table I it is clear that for both regimes E,. ) kgT
is satisfied, and therefore mesoscopic fluctuations may be
observed in both regimes. We also see that L exceeds
g and l. From the A values we conclude that regime
1 is at the limit of the region where weak localization
theory may be adopted, while regime 2 belongs to the
strongly localized regime. We are now, finally, able
to compare the experimental results with theoretical
predictions. Al'tshuler and Spivak [4] found, for L )) g,
T « T~ (—= Ii,D/2ksL ), and L && W, L:
eE, 15$(5) WL, (1)
TABLE I. Characteristic lengths and energies for both regimes.
Regime 1
Regime 2
L W
(p, m) (p, m) (nm)
0.4 80 20
0 4 80 10
(nm)
8
2
(m2/s)
2. 1
6.2
x 10-'
x 10-4
E,.
(eV)
8.5 x 10-'
2.5 x10 '
kgT
(T = 20 mK)
(eV)
1.7 x 10
1.7 x 10-'
0.37
1.2
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which in our 2D case reduces to
n w'"dl, . = 2.2 L2 L (2)
Here g(x) is the Riemann zeta function and L, is the
thickness of the 3D normal conductor. For L « g,
Beenakker calculated AI, and showed that for T (& T,
AI, depends only on the gap of the superconductor 60.
AI, = 0.3eb, o/fi [5,10]. For Nb T, —9 K and AI, =
0.11 p, A.
In both regimes our experimental data nearly satisfy the
conditions for Al tshuler and Spivak's condition but not
for Beenakker's. Using Eq. (2) the theoretical value for
AJ, for regimes 1 and 2, respectively, are 65 and 20 nA,
while the experimental values are -15 nA and 2 —4 nA.
We note that at T —20 mK the condition T (& T~ =
AD/2ksL is only marginally satisfied for the two regimes
for which T~ = 50 and 15 mK are found. This is
a possible reason for the reduction of the experimen-
tal 51,. There are at least two other effects we know
which will suppress IJ.I, : (1) Andreev reflection at the
SN interfaces [11] and (2) Coulomb interaction associ-
ated with Anderson localization [12]. Moreover, it was
observed that at low temperatures I, for junctions with
the same structure decreased with decreasing temperature
[13]. This effect may also reduce I,
With respect to the fluctuations observed in the G„(B)
data [Fig. 5(b)], we note that the typical period is given
by 8, —Ii/eWL [8]. For the junction considered here
8, —1.3 G is about 6.5 times the observed period of
0.2 G, a discrepancy which we can account for by the
fiux focusing effect discussed above.
Finally, we will discuss the typical period V„of the
fluctuations in the I, (Vg) and G, (V~) curves. V„ is given
as V~ = E,/a, n = dEF/dVg, where
mfi, dN, L dR~ d p,
CV N, + p, . 3m* dV~ eR' dVg dN,
dR& /dVg is determined experimentally and dp/dN, is
evaluated from Ref. [9]. Theoretical V„values of 30
and 60 mV are found for regimes 1 and 2, respectively,
in good agreement with the experimental values from
the I, (Vg) data: V~ = 80 and 100 mV. This agreement
indicates that the mesoscopic fluctuations of I, and G, are
due to the change in the Fermi energy.
In summary, the mesoscopic fluctuations of the critical
current in an S-N-S junction were confirmed experimen-
tally by means of a p-type InAs coupled Josephson junc-
tion with a gate structure. The observed magnitude of the
critical current fluctuations was smaller than the theoreti-
cal predictions. This discrepancy was discussed based
on the fact that the measurement temperature (-20 mK)
was still high for the measured carrier concentration and
that Andreev refIection as well as Coulomb interaction af-
fected the magnitude of the fIuctuation. The typical pe-
riod of the fluctuations with the gate voltage and with a
magnetic field was also studied, and it was found that the
experimental results agreed reasonably well with the cal-
culated values.
Our experimental data give clear evidence of the meso-
scopic fluctuations of the critical current and show that the
interference effects as well as Coulomb interaction play an
important role in the superconducting transport in an S-N-
S junction at low temperatures.
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